BACKGROUND: Obesity, a major risk factor for cardiometabolic disease, is associated with lower cognitive performance from childhood to senescence, especially on tasks of executive function. In the cardiovascular domain, fat stored viscerally rather than elsewhere in the body carries particularly high risk. It is unknown whether this is also true in case of obesity-cognition relationships. The aim of this study was to assess the cross-sectional relationship between visceral fat (VF) and cognitive performance in a community sample of healthy adolescents. METHODS: In a community-based sample of 983 adolescents (12-18 years old, 480 males), VF was quantified using magnetic resonance imaging, total body fat was measured using a multifrequency bioimpedance, and cognitive performance was assessed using a battery of cognitive tests measuring executive function and memory. RESULTS: We found that larger volumes of VF were associated with lower performance on six measures of executive function (P ¼ 0.0001-0.02). We also found that the association of VF with executive function was moderated by sex for a subset of measures, such that relationship was present mainly in female subjects and not in male subjects (sex-by-VF interaction: P ¼ 0.001-0.04). These relationships were independent of the quantity of total body fat and a number of potential confounders, including age, puberty stage and household income. CONCLUSIONS: Our results suggest that the adverse association between obesity and executive function may be attributed to fat stored viscerally and not to fat stored elsewhere in the body. They also suggest that female subjects compared with male subjects may be more sensitive to the potentially detrimental effects of VF on cognition.
INTRODUCTION
Obesity, the excessive accumulation of body fat, is a major health concern for both children and adults; 33-34% of children and 59-66% of adults in Canada and the United States are overweight or obese. [1] [2] [3] Midlife obesity is associated not only with heightened risk of cardiometabolic disease 4 but also with a higher risk of developing dementia later in life. 5 In children and adolescents, obesity has been shown to be associated with poorer cognitive performance, especially on tasks of executive functions. [6] [7] [8] Emerging evidence suggests that the mechanistic pathways underlying these associations may be at play throughout the whole lifespan, and that the negative effects of obesity could accumulate over time, impacting cognitive health. Accordingly, Sabia and colleagues 9 found that cumulative obesity (assessed by body mass index (BMI) in young adulthood, midlife and late midlife) was associated with poorer cognition in late midlife.
Visceral or intra-abdominal obesity is particularly dangerous with regard to cardiometabolic health. Visceral fat (VF) compared with other body fat exhibits greater lipid turnover. 10 Under postprandial conditions, VF compared with subcutaneous fat shows a higher fat uptake and, under fasting conditions, visceral adipocytes compared with subcutaneous adipocytes are more lipolytically active. 11 As a result of these metabolic differences, VF (vs subcutaneous fat) can contribute more to elevated levels of lipids in the plasma. 10, 11 Moreover, VF drains directly into the portal circulation and the liver, where excess lipids from enlarged VF can contribute to the enhanced de novo synthesis of triacylglycerols in obesity, which are released into the circulation bound in very-low-density lipoproteins. 11 Thus, given the biological properties and anatomical location, it is not surprising that VF compared with other fat in the body has a strong impact on obesity-related health outcomes, including dyslipidemia, hypertension and type 2 diabetes mellitus, 10, 12, 13 all of which have also been associated with increased risk of cognitive decline. [14] [15] [16] Only a few studies have examined the relationship between VF and cognition in adults. In one such study, Isaac and colleagues 17 found a negative association between VF and verbal memory and attention in older adults; the relationship with verbal memory remained after controlling for subcutaneous fat.
While obesity-cognition relationships are suggestive of an underlying role of VF, no studies have examined this relationship in adolescents. This study will utilize magnetic resonance imaging (MRI) of the abdomen to quantify volumes of VF, and examine the cross-sectional relationship between VF and cognition in a community sample of 983 adolescents. We focus on tasks of executive functioning and memory, as poorer performance in both domains of cognition have been associated with higher BMI or VF in adults and/or children. [6] [7] [8] [9] 17 As well, given the known sex differences in VF deposition 18 and reported sex differences in VF-cardiometabolic relationships, 13, 19, 20 we will also investigate the interaction between sex and VF on cognitive performance.
PARTICIPANTS AND METHODS Participants
The study includes participants from the Saguenay Youth Study (SYS). 21 While the primary focus of SYS is to evaluate the consequences of prenatal exposure to maternal cigarette smoking on adolescents, this study utilizes the SYS cohort to examine the cross-sectional relationship between VF and cognition. Adolescents, aged 12-18 (N ¼ 983; mean age 15.0 years), were recruited from French-Canadian high schools in the Saguenay-Lac-Saint-Jean region of Quebec, Canada. Details of the recruitment and testing procedures are provided in Pausova et al. 21 In brief, both exposed and non-exposed adolescents, matched on maternal education and school attended, were recruited. Exposure to maternal cigarette smoking was defined retrospectively as smoking one or more cigarettes per day in the second trimester of pregnancy. The SYS uses a family-based design where two or more siblings from the same family are included.
The main exclusion criteria for both exposed and non-exposed adolescents were: (i) premature birth (o35 weeks); (ii) positive history of alcohol abuse during gestation; (iii) positive medical history for meningitis, malignancy and heart disease requiring heart surgery; (iv) severe mental illness (for example, autism or schizophrenia) or mental retardation (IQo70); and (v) MRI contraindications. The Research Ethics Committee of the Chicoutimi Hospital approved the study protocol. Adolescents and their parents signed informed assent and consent, respectively.
All SYS participants underwent MRI assessment of the abdomen for quantification of VF, multifrequency bioimpedance for the assessment of total body fat (TBF), as well as a full cognitive battery. Details of all three are described below.
Body composition and VF
Height (0.1 cm precision), weight (0.1 kg precision), BMI (kg m À 2 ) and waist circumference (WC; 0.1 cm precision) were assessed in all participants. TBF was measured using a multifrequency bioimpedance (Xitron Technologies, San Diego, CA, USA). Participants were asked to refrain from caffeine, alcohol and vigorous activity for 24 h before assessment. The volume of VF was assessed using T1-weighted MRI (Philips 1.0T scanner, Gyroscan NT; Philips Medical Systems, Best, The Netherlands); a 10-mm axial slice acquired at the level of the umbilicus was segmented into visceral and subcutaneous fat using a previously described method. 20 Questionnaires Parents completed questionnaires regarding socioeconomic status, including household income. 21 All adolescents completed the Puberty Development Scale, 22 an 8-item, self-report measure of pubertal development based on the Tanner stages. Separate forms were administered to male and female subjects. The Puberty Development Scale yields five categories of pubertal status: (i) prepubertal; (ii) beginning pubertal; (iii) midpubertal; (iv) advanced pubertal; and (v) postpubertal. The Puberty Development Scale shows 85-95% accuracy within one Tanner stage to physician ratings. 23, 24 Further, the Puberty Development Scale is similarly correlated with circulating hormones levels (testosterone and dehydroepiandrosterone in male and female subjects; estradiol in female subjects only) as physical assessments. 25 
Cognitive testing
Executive functioning. Four domains of executive functioning were assessed: (i) Processing Speed; (ii) Working Memory; (iii) Resistance to Interference; and (iv) Cognitive Flexibility. Processing Speed was measured using the Ruff 2 and 7 Selective Attention Test 26 and the Symbol Search and Coding subtests from the Wechsler Intelligence Scale for Children-III (WISC-III). 27 In the Ruff 2 and 7 Selective Attention Test, participants complete both Automatic and Controlled Detection Trials, in which they must identify the digits 2 and 7 intermixed with letters (Automatic Detection) or other numbers (Controlled Detection). In both conditions, participants were asked to cross out 2 and 7 s within a time limit of 15 s per block (10 blocks per condition). Speed (total number of targets identified) was calculated for both Automatic and Controlled Detection. Automatic and Controlled Detection Speed have very high test-retest reliability (r40.90). 28 In the Symbol Search subtest of WISC-III, participants were given rows of symbols with a corresponding target symbol, and asked to mark whether or not the target symbol appears in each row; the final score was based on the number of correctly answered items in 120 s minus incorrect responses. Symbol Search has moderate test-retest reliability (r ¼ 0.77). 27 In the Coding subtest of WISC-III, participants were asked to transcribe a digit-symbol code; the final score was based on the number of correctly transcribed items in 120 s. Coding has moderate test-retest reliability (r ¼ 0.77). 27 Working Memory was assessed using Digit-span subtest from the WISC and the Self-Ordered Pointing Task. 29 In the Digit-span subtest, participants were recited a string of digits and asked to repeat the string as heard (Digits Forwards) or in reverse order (Digits Backwards). Digit strings range in length from 2 to 9 digits, with two strings recited per length. Participants were given one point for every correctly repeated string. Digit-span has moderate test-retest reliability (r ¼ 0.73). 27 In Self-Ordered Pointing, participants were shown 12 abstract pictures, presented on 12 different pages, with the locations of pictures differing on each page. Participants were asked to point to a different item on each page. Participants complete the task three times, and total errors for all three trials were calculated. Self-Ordered Pointing has moderate test-retest reliability (r ¼ 0.76). 30 Resistance to Interference was assessed using the Stroop Color-Word Test. 31 The Stroop test consists of three trials: (i) reading color names, printed in black ink; (ii) naming colors of Xs printed in green, red or blue; and (iii) naming the color of the ink in which the word is printed (color names were printed in an incongruent color). Participants were given 45 s for each trial, and scores for each trial were calculated as the number of items correctly named. Stroop Interference was calculated as the difference between true and predicted scores on trial three, where the predicted score is the product of scores on trials one (color names in black ink) and two (Xs in colored ink) divided by the sum of scores on trials one and two. The Stroop Color-Word Test has moderate to high test-retest reliability (r ¼ 0.70-0.88). 31 Cognitive Flexibility was assessed using Verbal Fluency, 32 consisting of Semantic and Phonemic Fluency. In the Semantic condition, participants were asked to say as many (i) animals and (ii) foods and drinks as possible. In the phonemic condition, participants were asked to name as many words as possible starting with the letters (i) S, (ii) F and (iii) A. A 1-min time limit is given for each of the five trials. Total score was calculated as the sum of trials for the semantic and phonemic conditions. Verbal Fluency has moderate test-retest reliability (r40.70). 28 Memory. Visuospatial memory was assessed using the Dot-location subtest of the Children's Memory Scale. 33 Participants were shown a 4 Â 4 grid, with a pattern of blue dots placed in eight locations. Participants were then given a blank grid and asked to recreate the array. This procedure was repeated three times. Following an interference trial using red dots, participants were once again asked to recreate the array of blue dots. Short-delay recall was calculated based on the first three learning trials and the post-interference trial. Participants were also asked to recreate the array after a delay of 35-40 min. Thus, three measures of visuo-patial memory were derived: Learning, Short-delay recall and Longdelay recall. Learning, Short-delay recall and Long-delay recall all have good test-retest reliability (r ¼ 0.81-0.93). 33 Verbal memory was assessed using the Stories subtest of the Children's Memory Scale. 33 A short story of four to five lines was read to participants, and they were asked to recall as many elements as possible both immediately and after a 30-35 min delay. Following the second recall trial, participants were also asked a series of questions assessing their recognition for story elements. Thus, three measures of verbal memory were derived: Immediate recall, Delayed recall and Recognition. Immediate recall, Delayed recall and Recognition all have moderate to good testretest reliability (r ¼ 0.71-0.86). 33 
Statistical analyses
The relationship between VF and cognition was assessed using multilevel models to control for correlations of outcomes between siblings. To assess the contribution of VF to cognitive performance independently of other fat, each cognitive outcome was modeled at a function of sex, VF and TBF. Sex-by-VF and sex-by-TBF interactions terms were included in the model to Visceral fat and executive functioning DH Schwartz et al assess the moderating impacts of sex on VF and TBF. All analyses were controlled for age, prenatal exposure to maternal cigarette smoking, pubertal stage and household income. In all models, individual participants were nested within families by estimating a random intercept for each family using a variance components matrix and Satterthwaite method of estimating degrees of freedom. For models with significant interactions, simple slopes were examined at 1 s.d. above and below the means of both predictors. 34 To compare VF/TBF-cognition relationships with those observed using traditional anthropometric measures, two sets of follow-up analyses were conduced, replacing VF, TBF and their respective interactions with (1) BMI and a sex-by-BMI interaction and (2) WC and a sex-by-WC interaction. All analyses were controlled for age, prenatal exposure to maternal cigarette smoking, pubertal stage and household income. Model fit of the three sets of models was compared using Hurvich and Tsai's Criterion (AICc), 35 in which smaller values indicate better fit. Likelihood ratio tests were computed to compare model fit. 35 Statistical outliers (values 4 or o3 s.d.'s from the mean) were removed. VF volume, TBF, BMI and WC were log-transformed using logarithm with base 10 to normalize their positively skewed distributions. Visuospatial memory variables were transformed using a reflected logarithm with base 10 to normalize their negatively skewed distribution. All statistical analyses were carried out using SPSS 20.0 and JMP 9.0, by author DHS.
RESULTS
Participant characteristics can be found in Table 1 . While female subjects had higher TBF (Po0.0001) and male subjects had higher WC (Po0.0001), there were no significant sex differences in BMI (P ¼ 0.56) or VF volume (P ¼ 0.11). However, when VF was considered as a ratio of TBF, male subjects had greater relative VF than female subjects (Po0.0001). Prevalence of relevant cardiometabolic risk factors for a subset of participants are reported in Supplementary Table 1 and are similar to those reported previously in population-based samples of Caucasian adolescents. 36 Visceral fat We found that larger volumes of VF were associated with lower performance on six measures of executive functioning (P ¼ 0.0001-0.024; Table 2 ). We also found that sex moderated the relationship between VF and cognition on five measures of executive functioning (P ¼ 0.001-0.044; Figure 1 ). Post hoc analyses of these sex-by-VF interactions revealed that female subjects with low VF performed better than female subjects with high VF on four measures (P ¼ 0.002-0.009). There were no differences in performance between male subjects with low and high VF. We found no main effects of VF, nor any sex-by-VF interactions, on any measures of memory. These effects were independent of TBF, and a number of potential confounders, including age, prenatal exposure to maternal cigarette smoking, pubertal status and household income. The effects of VF on cognition did not change substantially when physical activity was included as an additional covariate (Supplementary Table 2 ).
Total body fat
We found that, when controlling for, greater TBF was associated with higher performance on one measure of executive functioning (P ¼ 0.029; Table 2 ). In addition, sex moderated the effect of TBF on two measures of executive functioning (P ¼ 0.006-0.014; see Figure 1 for post hocs). There was a positive main effect of TBF on one measure of verbal memory (P ¼ 0.048), but no sex-by-TBF interactions. The effects of TBF on cognition did not change substantially when physical activity was included as an additional covariate (Supplementary Table 2 ).
BMI and WC
To compare VF/TBF-cognition relationships with those observed using traditional anthropometric measures, two sets of follow-up analyses were conduced, using BMI ( Supplementary Table 3 ) and WC (Supplementary Table 4 ) in place of VF and TBF. Although there was a negative effect of BMI and WC on four measures of executive functioning (P ¼ 0.001-0.032), we observed more significant associations between VF and cognitive variables. As well, while there were five sex-by-VF interactions, there was only one sex-by-BMI interaction (P ¼ 0.041), and no sex-by-WC interactions, suggesting that traditional anthropometric measures are not Using model-fit statistics (AICc), we next compared the three sets of models: (1) VF and TBF, (2) BMI and (3) WC (Table 3) . Likelihood ratio tests indicate that models based on VF and TBF estimate cognitive performance significantly better than models based on BMI or WC, for all measures except Dot-location Learning and Long-delay (Po0.0001-0.0008).
DISCUSSION
Using a large community-based sample, we found evidence for a relationship between VF and cognitive performance in adolescents. In particular, we found a negative association between VF (independent of TBF) and performance on several measures of executive functioning, either as a main effect or an interaction with sex. Further, we found that these negative results were specific to VF; in fact, we found a few positive associations between TBF (independent of VF) and cognitive performance. Further, we found that a subset of these associations were present mainly in female subjects and not in male subjects (Figure 1) . Taken together, these results suggest that higher quantities of VF are associated with lower executive functioning as early as adolescence.
Our findings are consistent with previous studies showing a negative relationship between obesity, as indexed by BMI, and cognitive performance in children, particularly on tasks of executive functioning. [6] [7] [8] These past studies, however, have not distinguished between the impact of visceral and peripheral body fat on cognition. Further, while past studies control for sex, they have not investigated sex-by-BMI interactions, despite known sex differences in fat deposition. 18 We found that, even with the relevant sex interactions, models that included VF and TBF estimated cognition better than models that included only BMI or WC. As VF and TBF influenced cognition in opposite directions, this finding highlights a potential limitation of anthropometric measures of obesity.
It is important to highlight that we observed the relationship between VF and cognitive performance in a population of typically developing adolescents. Adolescence is a time of emergence for cardiometabolic disease, with the metabolic syndrome occurring in 4% of all adolescents and 28% of overweight adolescents. 20, 36 Adolescent cardiometabolic health has been shown to predict cardiovascular health in adulthood, 37 and cardiometabolic health in midlife is, in turn, associated with increased risk of dementia. 5, 38 If elevated VF observed during adolescence remains, VF-cognition relationships observed early on could have cumulative effects, potentially increasing the risk of dementia later in life. Along these lines, Sabia and colleagues 9 found that cumulative obesity (assessed by BMI three times over approximately 36 years) was associated with decreased cognitive performance in late life.
As this study utilizes an observational design, the reported relationships could reflect one of three causal scenarios: (1) that VF accumulation causes executive functioning deficits; (2) that executive functioning deficits cause VF accumulation; and (3) that a third factor causes both VF accumulation and executive function deficits. In the first scenario, VF could impact cognitive health via its influence on cardiometabolic health. For example, adipose tissue, in particular VF, secretes proinflammatory cytokines into the bloodstream, 39 and research in rodents shows that elevated levels of inflammatory cytokines in the periphery result in an exaggerated neuroinflammatory response that impairs cognitive performance. 40 In accordance with our observed sex difference, epidemiological evidence suggests that the relationship between VF and cytokines is Visceral fat and executive functioning DH Schwartz et al Figure 1 . The role of sex in moderating the impact of VF and TBF on cognitive performance for five cognitive outcomes. Interactions quantified using continuous variables in multilevel models as detailed in Table 2 . For significant interactions, post hoc tests were calculated for simple slopes at 1 s.d. above and below the means of both predictors, as graphed here. (a) Symbol Search-total number of search targets correctly identified, (b) Digit-span Forwards-total number of correctly repeated forward digit strings, (c) Digit-span Backwards-total number of correctly repeated backward digit strings, (d) Stroop Interference-performance on color-word incongruent trial (Color-Word Score) controlled for overall speed of naming (predicted score), see Methods Section for calculation details. (e) Phonemic Fluency-total number of words reported. Low VF/TBF-dark gray; high VF/TBF-light gray; *Po0.05, **Po0.01 and ***Po0.001. moderated by sex, such that for every standard deviation increase in VF, women show higher levels of C-reactive protein than men. 19 C-reactive protein has also been associated negatively with executive function measures of cognition (including Digit-span Backwards) in obese female subjects, but not male subjects. 41 In addition, higher levels of interleukin-6, another biomarker of inflammation, have been found to be associated with a decline in verbal fluency, albeit only in female subjects. 42 In the second scenario, lower executive functioning could cause VF accumulation through lower cognitive control of eating impulses and/or food preferences. One study found that lower activity in brain areas underlying executive functioning on a delay-discounting task was associated with increased weight gain in the 1-3 years following participation. 43 Although it may be the case that poor executive functioning leads to increased VF, understanding this relationship is of equal clinical interest. If poor executive functioning precedes obesity, interventions tailored to increasing executive functioning may improve responses to lifestyle modification methods.
In the third scenario, a third factor could be simultaneously increasing VF deposition and decreasing executive functioning, resulting in the observed negative correlational relationship. Efficient androgen receptors, for example, are associated with increased VF volumes in male subjects. 44 As well, male and female subjects with efficient androgen receptors show a more masculine pattern of cortical thickness development across adolescence. 45 Thus, circulating testosterone, modulated by androgen receptor polymorphisms, might regulate both VF volume and brain morphology underlying executive functioning. As illustrated in Figure 1 , female subjects with high VF show no sex advantage in executive functioning, whereas female subjects with low VF do, suggesting that female subjects with high VF show a more masculine pattern of cognitive performance.
Lifestyle factors may also have a role in both VF accumulation and cognitive performance. For example, physical activity is associated with higher cognitive performance in adolescents, even when controlling for cardiorespiratory fitness and BMI. 46 Further, a recent study in adults showed that physical activity, assessed by accelerometers, is negatively associated with VF. 47 Thus, physical activity may have a role in the observed VF-cognition relationships. Note, however, that including physical activity as a covariate did not substantially change the relationship between VF or TBF and cognitive performance observed in our study. Future studies investigating the impact of interventions involving physical activity will help untangle the putative causal role of physical activity in VF-cognition relationships.
While controlling for VF, we found that TBF contributed positively to two measures of cognitive functioning, and that sex moderated the impact of TBF on two additional measures of cognitive functioning. Although past studies have shown that TBF is negatively associated with cognitive performance, 6 these studies were not able to consider VF as we were in our analyses. Our results suggest that obesity-associated decrements in cognition may be driven by fat stored viscerally rather than peripherally. As peripheral fat is less metabolically dangerous than VF, 11 for a given percentage of body fat, a higher proportion stored peripherally rather than viscerally could mitigate the negative effects of VF. Previous studies show that elevated peripheral fat, when controlled for VF, is associated with lower blood pressure in adolescents, 13 lower triglycerides 48 and reduced risk of metabolic syndrome in adults. 49 Although there were a number of strengths to our study, including sample size, use of MRI to measure VF, and availability of multiple measures of cognition, there are a number of limitations that must be considered. First, as mentioned previously, our observational design does not allow for the inference of causality. Future longitudinal and intervention (for example, diet, physical Abbreviations: AICc, Hurvich and Tsai's Criterion; BMI, body mass index; TBF, total body fat; VF, visceral fat; WC, waist circumference. Model fit was estimated using Hurvich and Tsai's criterion (AICc). 35 Smaller values indicate better fit. Likelihood ratio tests 35 were computed to assess whether the models with smaller AICc have significantly better fit. VF and TBF model fits the data better than BMI model:~~Po0.0001;~Po0.001. VF and TBF model fits the data better than WC model: }}Po0.0001; }Po0.001. WC model fits the data better than BMI model: rrPo0.0001. a (1) VF and TBF, (2) BMI and (3) WC.
activity, surgical removal of VF) studies in humans or experimental ones in animal models are necessary to adjudicate between the three causal scenarios described above. Second, owing to the number of models included, there is a potential for type-I error inflation in this study. Of the 10 executive functioning tests assessed, only one would be expected to show an effect of VF, or a sex-by-VF interaction by chance alone (20 Â 0.05 ¼ 1). We found, however, 11 significant effects (six main effects and five sex-by-VF interactions), suggesting that these findings reflect true relationships rather than type-I error.
In summary, our results suggest a relationship between lower executive functioning and higher VF, independent of TBF, and that this association is observable as early as adolescence. Further, our results suggest that elevated levels of VF may impact cognition more strongly in female subjects, implying that the physiological mechanisms underlying the relationship between VF and cognition may differ by sex. Further research is needed to clarify the nature of these mechanisms.
